A seven-species hypersonic flow solver that independently tracks vibrational energies of diatomic species has been coupled with SPRADIAN for the purposes of developing a spectrally accurate coupled radiation / flowfield solution. Results are presented for the FIRE-II and RAM-C geometries, and compared to experiment results where available. Shortfalls of the method are identified, along with avenues of further research. It is desired to eventually develop the capability to use a complete air chemistry set with ablation byproducts for a total assessment of the radiation environment around an arbitrary shape. 
V ehicle flight at hypersonic Mach numbers results in substantial heating to the forebody of the flight vehicle through convective and radiative heat flux transfer mechanisms. The radiative transfer of energy can represent a substantial portion of the overall flux to the surface of such a vehicle, accounting for as much as 60% or more of the total heat load in a blunt body. This effect is not limited to blunt bodies however, but can also affect the stagnation region of narrower bodies, causing substantial heating and/or ablation to the nose tips of the thin vehicles. Due to the nature of hypersonic flow, even thin leading edges will become blunt at some point in the vehicle trajectory, thereby leading to increased radiation effects. Unfortunately, the solution of radiative heat transfer is a very complex area of study that is poorly understood and rarely utilized in the flowfield solutions of most computational codes that are used to solve the flowfields of such vehicles. The effect of radiation is of particular concern for the United States Air Force with increased emphasis upon the ability to have prompt, reusable space vehicles. Radiation is always a concern in hypersonic vehicles, but the need to have reusable vehicles may require the use of ablative and replaceable thermal protection systems composed of ablative carbon materials, which presents interesting challenges for designers. Carbon is both a high emitter of radiation as well as a high absorber of radiation, therefore making the net effect highly variable depending on the vehicle shape, velocity, and altitude. It is possible that carbon materials ablated at the nose of a vehicle could transport their energy downstream in the form of internal energy modes and re-radiate the energy at locations downstream even over narrow bodies that typically do not have significant radiative emission due to their shape. No "rule of thumb" can discard this possibility in an ablative environment.
Radiation, as a flowfield phenomenon, is complex for many reasons. One major difficulty is that radiation propagates at the speed of light, or virtually instantaneously in the computational domain of the average flight vehicle. The speed of propagation can be used to an advantage in computational simulation in that the radiative calculation can now be separated from the flowfield solution in a temporal sense. Radiation also propagates by line-of-sight, not flow direction, raising geometric difficulties for the code developer in accommodating radiative effects into the conventional grid-based flowfield solution methods since line of sight for each computational cell has to be determined. The thermophysical processes that lead to radiation also present a unique set of challenges. Radiation is a function of (T 4 ) -making accurate temperature determination a necessity in the flowfield. It is also very sensitive to which temperature is being considered if in a thermal nonequilibrium environment -the radiative bands in molecular radiation are dependent upon vibrational temperature, free-free electron radiation is a function of electronic temperature, etc. There is also a linear dependence of the radiation upon the species densities in the flowfield -radiation, and its adsorption being not only a function of wavelength, but also which species is affected by which wavelength through quantum mechanics. This fact makes not only accurate species calculation important, but introduces an additional degree of complexity in an ablative environment. Of particular concern is the effect of ablation with carbon species ablation shields, since carbon is not only a strong absorber of radiation, but also a strong re-emitter of radiation.
II. Flow Solver
For the purposes of this study, a seven-species air chemistry model with one ionized species was used. The flow solver of Josyula and Bailey 1 was selected due to its ability to independently track the vibrational energy of diatomic species in the flow. Knowledge of species specific vibrational energy allows for very precise energy calculations, particularly when considering radiative emission and absorption. The flow solver of Josyula and Bailey is a finite volume, Roe approximate Riemann solver. The solver is second-order accurate through the employment of a MUSCL method, with a minmod limiter reducing the accuracy to first-order in the vicinity of strong shocks. The solver evaluates viscous flux terms using central differencing. A time-explicit predictor-corrector method is used in the solver. The solver assumes that translational and rotational energy modes are in thermodynamic equilibrium, while independently tracking the vibrational energy mode of each diatomic species and the energy associated with the free electrons. 
Species Mass Conservation
The species mass conservation is given by
where the diffusion velocity of species s is given by:
The termω s represents the rate of species creation and destruction, who's sum over all species is zero. Similarly, the sum of mass flux due to diffusion is also zero.
The dissociation rates were determine using a functional form of the Arrhenius equation:
where the effective temperature, T ef f is determined using the two-temperature model.
Total Momentum Conservation The total momentum conservation is given by
The right hand side of the preceding equation accounts for the electric effects upon the flowfield, with E i representing an approximation of the electric field.
Total Energy Conservation
The equation used to enforce the conservation of total energy is
Vibrational Energy Conservation Equation
The vibrational energy of each diatomic species is determined by
The solver's treatment of vibrational energy in a manner that is specific to each species is unique, and was a determining factor in its selection for this study. The species energy equations allow for the exact determination of the vibrational temperature of each species. It also allows for the potential inclusion of a radiative source term, which would be an entry point to coupling the flowfield with a radiative solver. SPRADIAN 2 was selected as the radiation code in this study. These two codes have been integrated together in the Coupled HYpersonic-Radiative Analysis (CHYRA) code.
III. Coupling Methodology
In the first phase of this study, the two codes have been integrated, but are run in an uncoupled fashion. A converged flowfield is generated by the flowfield portion of the code. Once the flow has converged, the species concentrations, heavy particle temperature, and the species vibrational temperatures are passed as inputs to the radiation portion of the code. For both geometries used in this study, a flowfield resolution of 50 cells in the i-direction, and 60 cells in the j-direction was used.
To facilitate an accurate calculation of flow quantities at the shock-front and in the boundary layer, the grid adaptation method of Gnoffo et. al.
3 was used. Grid adaptation was executed multiple time during the course of a computational run. A trial-and-error process was used to balance the number of cells used to refine the shock and boundary layers, with stability limits due to cell aspect ratio.
The spectral resolution used for the radiation calculation was driven by the need to compare radiative surface intensity with the FIRE-II vehicle. As in the FIRE experiment, the lower bound of radiation wavelength was driven by the window cutoff in the VUV region 4 (2000 Angstrom). The coupled code was unstable, however, when radiation was considered below 3,000 Angstrom. An investigation is ongoing to determine the source of the instability. The results presented in this paper will have a lower bound of 3,000 Angstrom. The upper wavelength bound was set at 12,000 Angstrom. A spectral resolution of 100,000 points was used. Once the radiation portion of the code has determined the emission and absorption spectrum throughout the flowfield, a radiation update is performed to determine radiative intensity at any point in the flowfield and on all surfaces. A tangent-slab or spherical gas-cap model could be used to determine the surface intensities. Inaccuracies would arise however, for geometries and flowfields that violated the geometric assumptions of these models. The primary assumption of concern is that the radiation environment is uniform with respect to angle as viewed from the surface.
A new radiation propagation algorithm is presented which does not assume that the radiation field is uniform with respect to angle. The algorithm is two-dimensional in nature, and does not inherently take into account the effects of the thirddimension. This may prove to be a complication for further integration. The basic steps in the method are:
1. Invoke SPRADIAN to determine spectral emission and absorption coefficients in each cell. SPRA-DIAN has been modified to allow species-specific vibrational temperatures to be used in the radiation calculations.
2. Choose a number of transmission directions, and determine the angular extent of each direction. In a traditional tangent-slab analysis, two transmission directions are considered; one towards the body and one away from the body. In this method, an arbitrary number of directions may be chosen, each of which equally share a 2π two-dimensional angle. For instance, if four transmission directions were chosen, each direction would cover a π/2 angular region. The first direction is aligned with the +x axis.
For the results published in this paper, 12 transmission directions were used, each direction covering a π/6 included angle.
3. Cycling over domain, determine the angle formed by the ray from all cell centers to the edge midpoint of each adjoining neighbor, as shown in figure 1 . These angles are used to determine which angles of radiation propagation are going to intercept each neighbor.
4. Cycling over each transmission direction, compare the minimum and maximum angles of the transmission direction to the minimum and maximum angles of the rays to the neighboring cell edges. If an overlap occurs, this indicates that emissions from the center cell in that transmission direction will intersect a given number of neighboring cells. The extent of this overlap is the ratio of the angular extent of the overlap (α dir ) to the total included angle of the transmission direction (β). This coefficient is stored for future use. The dimensions needed to store this information are proportional to the number of cells in the domain, the number of transmission directions chosen, and the number of neighbors each cell has.
5. Cells at the edge of the shock and cells in the boundary layer have very high aspect ratios. Because of the aspect ratio, the angular extents of each neighbor vary greatly for each differential element in a cell. A differential volume on one side of a cell may transmit to a given neighbor over a wide range of angles, while a differential element on the other side of the cell may only transmit to that neighbor over a very small range of angles. To accommodate this behavior, the transmission-neighbor overlap is calculated using five "center-points" equally distributed in the i-direction. Repeat the previous two items while moving the center-point used to generate the rays to neighboring cells along the i-axis. These coefficients are then averaged to determine an aggregate value for the entire cell.
6. Update the radiation field through a series of alternating sweeps (+i, +j) (−i, −j) (+j, +i) (−j, −i).
In each increment of the sweep, accomplish the following:
(a) Initialize radiation intensity in wall-bounded cells using a grey-body distribution for all directions pointing away from the wall.
(b) Computationally examine each neighboring cell. For each neighboring cell, cycle over all transmission directions. If the neighboring cell does not exist (edge of the domain), or if this transmission direction does not overlap this neighbor, then no update is made to the radiative intensity in the neighboring cell.
(c) If an overlap exists between a transmission direction and this neighbor, invoke SPRADIAN to solve the radiation propagation equation 5 (equation 12), assuming a liner variation of both emission coefficient and absorption coefficient. The intensity and emissivity of the originating cell are scaled by the proportion of overlap with this direction and this neighbor. For example, if a transmission direction equally overlaps two cells, only half of the emissivity and intensity is used to calculate an updated intensity in each neighbor, thereby enforcing conservation of energy. The distance used the integration of the radiation propagation equation is the distance between cell centers.
The total intensity in the cell in each direction is determined by adding the contributions to radiative intensity in this direction from each neighboring cell.
7. Large arrays are required to store the spectral intensity information throughout the domain. The intensity must be stored at each wavelength in each direction within every cell. The memory required is proportional to the number of cells in the domain multiplied by the product of the number of transmission directions and the number of points in the spectrum. 
IV. Results

A. FIRE-II
The FIRE-II vehicle was examined at the 1634s point in the trajectory. This point was selected as it is one of the latest points in the first heat shield portion of the experiment. At this point, the vehicle was in the continuum flow regime with a relatively low Reynolds number. The wall of the FIRE-II vehicle was modeled as electrically catalytic, forcing the recombination of N O + and e − . While it would be desirable to match the spectrum measured in the experiment (0.2µm to 4.0µm), this analysis considered radiation in the 0.3µm to 1.2µm wavelengths. These wavelengths were chosen for stability and resolution. A spectral resolution for 100,000 points was used in both the tangent-slab analysis and the CHYRA analysis.
The grid used in FIRE-II runs is shown in figure 2. Grid alignment routines were able to to effectively adapt the grid to resolve both the boundary layer and the shock front. A summary of flow conditions is presented in table 1. The peak translational temperature behind the shock is just under 40,000K. The vibrational temperatures of O 2 and N 2 equilibrate after a similar relaxation distance. The vibrational temperature of N O + has a similar relaxation distance, however there is a significant diffusion effect which increases the overall vibrational temperature of N O + upstream of the shock. This diffusion behavior is discussed in more detail in Ref 1.
Diatomic oxygen and nitrogen completely dissociate behind the shock governed by the associated chemical rates. Once nitrogen and oxygen atoms are present, N O forms, and is quickly ionized into N O + and e − . The shock stand-off distance predicted in this simulation is appreciably larger than the distance predicted in other verification studies, such as Hash, et al.
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This is not surprising, given the more limited chemistry of a seven-species set. Table 2 shows the comparison of the predicted stagnation line surface intensities on the FIRE-II vehicle using the presented method and the traditional tangent slab method. Also shown on the table is the experimental value. CHYRA using the tangent-slab method slightly under-predicts the radiation intensity at the surface. This is not surprising due to the fact that CHYRA does not include radiation from certain trace species. An additional contributor to the under-prediction of surface radiation is the absence of radiation in the 0.2µm to 0.3µm band. This band was omitted due to stability concerns, however a significant portion of continuum O 2 radiation is present in this band.
Radiation Intensity
CHYRA using the method presented above slightly overpredicts the radiation incident to the surface at the stagnation point, when compared to the tangent slab analyses. Note that neither of these predicted surface intensity results account for the transmissivity of the radiometer transparency materiel. Accounting for this effect will further reduce the measured surface intensity in a way that brings the predictions closer to the experimental results. Figure 4 shows the new method predicting uniformly high average radiation intensities throughout the flowfield, when compared to the tangent slab analysis. 
B. RAM-C
The RAM-C experiment was conducted in a weakly-ionized flow regime. Although the experiment did not measure radiation incident to the vehicle, this type of geometry contains features similar to other bodies of interest. For comparison with this case, the wall was modeled as partially catalytic. Equilibrium species concentrations were enforced at the wall for air at 1,500K. Like the FIRE-II case, radiation was examined in the 0.3µm to 1.2µm wavelengths. A spectral resolution of 100,000 points was use in the tangent-slab calculation, while a resolution of 4,000 points was used in the CHYRA analysis, using the method previously presented. The 4,000 point resolution is insufficient to adequately resolve the spectral peaks, and does not represent a final result for this geometry. The grid used in the RAM-C investigation is shown in figure 5 . In this case, the grid alignment routines not only clustered the cells near the shock front and boundary layer, but also positively affected the grid metrics by promoting the orthogonality of the grid. A summary of flow conditions is presented in table 3. The peak translational temperature behind the shock is approximately 19,000K. The vibrational temperatures of O 2 and N 2 equilibrate after a similar relaxation distance. The vibrational temperature of N O + has a similar relaxation distance, however there is a significant diffusion effect which increases the overall vibrational temperature of N O + upstream of the shock.
Diatomic oxygen is completely dissociated behind the shock, while diatomic nitrogen is only partially dissociated. Low temperatures in the post-shock environment along with low availability of oxygen leads to small concentrations of N O, N O + , and e − . The RAM-C flowfield downstream of the blunt nose experiences large changes in temperatures and species concentrations, as shown in figure 7 . This region of the flow presents a very different environment in which ablative products (if modeled) could convect and radiate in previously unexpected ways.
Radiation Intensity
Due to the poor spectral resolution of the RAM-C simulation using the CHYRA method, we are unable to present comparisons of flowfield radiation intensities. The tangent slab method predicts very low stagnation point radiation intensity, as shown in table 4. This intensity was determined by integrating over the same solid angle as the FIRE-II experiment. CHYRA N/A
V. Future Work
Future development on the Coupled HYpersonic-Radiative Analysis (CHYRA) software will be focused in the following areas:
1. Refinement of 2-D radiation propagation algorithm. The current implementation of the algorithm shows reasonable agreement with the surface intensities measured in the FIRE-II experiment, and surface intensities 2. Direct coupling of radiation emission and absorption into the species energy equations. Difficulties in matching radiative intensity at the wall in the FIRE-II case with experimental values has delayed efforts to further integrate the flowfield portions of the code with the radiation portions of the code. Once the current issues are resolved, species specific emission can be accounted for in each cell, along with species specific absorption.
3. Increase the number of species tracked by the code. The seven-species model currently in use misses the radiation contributions due to several trace species, such as N + 2 . Although these species do not account for a significant portion of the gas' mass, many of the species do provide significant contributions to the radiation environment. 7 An 11-species model is desired for implementation initially, followed by a model that includes multiple carbon species to model radiation due to ablation by-products. 4 . Inclusion of an ablative wall condition. The eventual capability desired from this tool requires that physically accurate ablation processes and mass injection are modeled at the wall.
VI. Conclusions
Coupled solutions for the hypersonic flowfield and radiation environment are necessary for robust design of future hypersonic vehicles. A multi-species hypersonic code that individually tracks species vibrational energies is a promising method for highly accurate temperature calculation, which is required for radiation prediction. The current hypersonic flow solver requires further development to extend the chemistry set, and increase the stability of the code for arbitrary geometries and flight conditions. Independently tracking radiation intensity in an arbitrary number of transmission directions was demonstrated. The current implementation of the multi-direction, spectrally accurate radiation tracking did not show agreement with tangent-slab calculations, or experiment. Future work will be conducted to refine the method and increase the accuracy of determining radiation intensity.
